Introduction
Large year-to-year variability of the summer climate is displayed over the western North Pacific (WNP) and East Asia, resulting in disastrous floods and droughts over East Asia. This variability will be enhanced under the background of global warming (Lu and Fu 2009) . Interannual variation of the WNP summer climate, which has pronounced impacts on the climate over East Asia (e.g., Huang and Sun 1992; Wang et al. 2000; Lu and Dong 2001) , acts as a basis for identifying the variation and long-range prediction of East Asian summer climate. Thus, understanding the predictability of the WNP summer climate under Abstract Identifying predictability and the corresponding sources for the western North Pacific (WNP) summer climate in the case of non-stationary teleconnections during recent decades benefits for further improvements of long-range prediction on the WNP and East Asian summers. In the past few decades, pronounced increases on the summer sea surface temperature (SST) and associated interannual variability are observed over the tropical Indian Ocean and eastern Pacific around the late 1970s and over the Maritime Continent and western-central Pacific around the early 1990s. These increases are associated with significant enhancements of the interannual variability for the lower-tropospheric wind over the WNP. In this study, we further assess interdecadal changes on the seasonal prediction of the WNP summer anomalies, using May-start retrospective forecasts from the ENSEMBLES multi-model project in the period . It is found that prediction of the WNP summer anomalies exhibits an interdecadal shift with higher prediction skills since the late 1970s, particularly after the early 1990s. Improvements of the prediction skills for SSTs after the late 1970s are mainly found around tropical Indian Ocean and the different backgrounds of the changing climate is of particular importance.
Current coupled models exhibit a somewhat reliable capability in predicting seasonal anomalies of precipitation and circulation over the WNP (Lee et al. 2011; Li et al. 2012; Kosaka et al. 2013 ). This reliability arises mainly from its teleconnections with El Niño-Southern Oscillation (ENSO) forcing and monsoon-ocean interactions in the tropical Indian Ocean (e.g., Chowdary et al. 2009; Wang et al. 2009 ). Using five state-of-the-art coupled models from ENSEMBLES forecast system, Li et al. (2012) presented a comprehensive assessment on the predictability of the WNP summer climate and suggested a skillful prediction on the atmospheric anomalies and a good representation on the associated atmosphere-ocean interactions over the tropical Indian and Pacific Ocean. In addition, good predictions of the WNP summer anomalies are found even during the years when there are no significant ENSO-related SST anomalies (Li et al. 2014) . It suggests that the local atmosphere-ocean interactions act as another important role in the predictability of the WNP summer climate. Kosaka et al. (2013) proposed a coupled mode arising from interactions between the tropical Indian Ocean sea surface temperature (SST) and Pacific-Japan teleconnection pattern during boreal summer, as the origin of seasonal predictability for the WNP summer climate. They pointed out that this Pacific-Japan and Indian Ocean coupled mode is quite predictable and can exist without ENSO.
However, it should be noticed that interannual variation of the WNP summer climate and associated tropical SSTs displays remarkable interdecadal changes during the past few decades (e.g., Kwon et al. 2005; Wang et al. 2008; Park et al. 2010; Xie et al. 2010) . Around the late 1970s, the WNP subtropical high shows an increase on its interannual variability with an enhanced relative vorticity at the middle and lower troposphere over the WNP and more water vapor transport from Indian summer monsoon (e.g., Huang et al. 2015) . The SST in the tropical Indian Ocean and equatorial eastern Pacific has been noticed to have remarkable local or remote effects on these changes (Wang et al. 2008; Huang et al. 2010; Xie et al. 2010) . Remarkable warming with an enhanced variability for these two major tropical SST variations is shown after the late 1970s, resulting in strengthened teleconnections with the WNP summer monsoon. It has been documented that fluctuations of the WNP summer climate can be affected by remote tropical SST anomalies. The tropical Indian Ocean SST anomalies, for instance, can excite a tropospheric Kelvin wave and induce robust atmospheric and precipitation anomalies over the WNP, particularly during the ENSO decaying summers (Terao and Kubota 2005; Yang et al. 2007; Li et al. 2008; Xie et al. 2009 ).
Around the early 1990s, on the other hand, a clear interdecadal change on the WNP summer climate is also detected with a strengthened anomalous low-level anticyclone (Wu et al. 2010) . It is associated with an enhanced teleconnection between the WNP and East Asian summer monsoon after the early 1990s (Kwon et al. 2005; Park et al. 2010 ). This may result from enhanced fluctuations of precipitation and associated latent heat forcing over the WNP domain after the early 1990s, which is reflected by the interdecadal change of the dominant modes for the precipitation anomalies in the WNP and East Asian region (Kwon et al. 2005; Yim et al. 2008; Lee et al. 2014) . It is different to that before the early 1990s, in which ENSO and related Indian Ocean warming dominate the interannual variation of the summer precipitation over the WNP and East Asian region (Wang et al. 2008) . Lee et al. (2014) suggested that the WNP summer monsoon variability is significantly related to the SST anomalies over the central Pacific since the early 1990s rather than canonical ENSO-related forcing during [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] . Some recent studies pointed out that the periodicity of the WNP subtropical high and the relative role of tropical SST forcing in the WNP subtropical high demonstrate significant decadal changes in the early 1990s and suggested that SST anomalies around the Maritime Continent and central Pacific contribute more to the WNP subtropical high after the early 1990s (e.g., Sui et al. 2007; He and Zhou 2015) .
In view of the interdecadal changes of the WNP summer climate and associated tropical air-sea interactions in observations, whether the seasonal predictability for the WNP summer climate is changed on similar timescale? If so, what are the possible mechanisms for the changes of the prediction skills and sources of reliability? The above questions remain unclear and will be examined in the present study. To achieve this, the retrospective forecasts from ENSEMBLES multi-model project are used, which cover a long period from 1960 to 2005.
The remainder of this paper is organized as follows. Section 2 describes the models, datasets and methods used in this study. The interdecadal changes on the mean state and interannual variability are shown in Sect. 3. Section 4 presents the interdecadal changes in the prediction skill of the WNP summer climate, followed in Sect. 5 by an interpretation of possible reasons for the interdecadal changes in the predictability. And finally, the summary and discussion are given in Sect. 6.
Models, datasets and methods
The models used in this study are five fully coupled atmosphere-ocean prediction systems from ENSEMBLES multimodel project, including the UK Met Office (UKMO), Météo-France (MF), the European Centre for MediumRange Weather Forecasts (ECMWF), the Leibniz Institute of Marine Sciences at Kiel University (IFM-GEOMAR) and the Euro-Mediterranean Center for Climate Change (CMCC-INGV). All models include major radiative forcing and have no flux adjustments. The atmosphere and ocean were initialized using realistic estimation of their observed states. Each model was run from an ensemble of nine initial conditions. Further details on the ENSEMBLES multimodel project, the main model components and the initial condition perturbations are referred to Doblas-Reyes et al. (2010) , Weisheimer et al. (2009) and van der Linden and Mitchell (2009) .
The retrospective forecasts were carried out for a 46-year period of 1960-2005 on the above-described five models. For each year, the forecasts were initialized in 1st of May and performed 7-month long hindcasts. The multi-modelensemble (MME) results were calculated through a simple composite by applying equal weight to all the five models.
The observed datasets for validating the model simulation include monthly mean National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data (Kalnay et al. 1996) and NOAA Extended Reconstructed monthly mean SST V3 dataset (Smith and Reynolds 2004) 3 Mean state and interannual variability Figure 1 shows the climatology of JJA-mean (June, July and August) SST during the period 1960-1978, 1979-1993 and 1994-2005 . It is found that significant warming of the tropical ocean has been taking place in recent decades. In observations, compared to the period 1960-1978, warmer SST is found over the Indian Ocean and tropical central and eastern Pacific during 1979 Pacific during -1993 . Maximum of the averaged SST differences between these two periods are higher than 0.5 °C over the ENSO regions. This
(e) (f) Fig. 1 Climatology of JJA-mean SST for observations (left) and the ENSEMBLES MME prediction (right) during 1960-1978 (upper), 1979-1993 (middle) and 1994-2005 (lower) . Unit: °C. The shading represents differences of SST to the previous period 1 3
SST warming pattern for the period 1979-1993 relative to the early period 1960-1978 is due to the climate shift around 1976/1977 (e.g., Trenberth and Hurrell 1994; Deser et al. 2004) . Relatively, the warming pattern after the early 1990s exhibits significant difference to previous period. It is observed mainly over the Indo-Pacific warm pool and indicates a notable enlargement on its size. A recent study by Dong et al. (2014) suggested that internal variability, greenhouse gases and aerosols are driving factors for the decadal fluctuation of SSTs over the Pacific domain. The warming pattern after the early 1990s relative to the early period might be the combination of all these forcing factors. The above interdecadal changes are well reproduced by the models, suggesting the models show similar bias on the mean state during these three periods.
For the SST interannual variability, significant interdecadal changes are also found after the late 1970s and early 1990s (Fig. 2) . ENSO, which has been extensively reported for its influence on the WNP and East Asian summer climate (e.g., Wang et al. 2000; Li et al. 2007; Ding et al. 2014 Ding et al. , 2015 , is associated with larger standard deviation (SD) over the tropical central and eastern Pacific. During 1979-1993, significant increase on the variability is found over the tropical eastern Pacific and Indian Ocean, suggesting stronger air-sea interactions over these two regions than the previous period, as described in Huang et al. (2010) and Wang et al. (2008) . The increase of tropical Indian Ocean SST variability in observations would strengthen its influence on the WNP climate. After the early 1990s, on the other hand, SST anomalies around the Maritime Continent and central Pacific show stronger interannual variability than the previous period. Increase of SST interannual variability in the equatorial Pacific, which shows an interdecadal change during the 1990s, has been previously documented (e.g., Latif et al. 1997; Keenlyside et al. 2007; Yu et al. 2010; Lee and McPhaden 2010) , but not for the SST variability around the Maritime Continent. This change around the early 1990s is different to the interdecadal change around the late 1970s, with a weak decrease of the interannual variability over most of the Indian Ocean. Understanding the causes of enhanced SST interannual variability around the Maritime Continent around the early 1990s is an important research area and it needs further investigation. Additionally, for the model results, the stronger variability over the ENSO region after the late 1970s and around the Maritime Continent after the early 1990s is well simulated by the models. The large interannual variability over the Indian Ocean after the late 1970s and over the central Pacific after the early 1990s is also reproduced by the models. But the models overestimate the variability over the Indian Ocean during 1960-1978 and over the central and western Pacific during 1979 Pacific during -1993 . This gives rise to the discrepancy over these two regions between models and observations in Fig. 2d , f. Associated with the interdecadal changes of SST and interannual SST variability, significant increases of the interannual variability for the 850-hPa zonal wind are also found around the late 1970s and early 1990s (Fig. 3) . After the late 1970s, prominent increases are found around the WNP, especially for the subtropical WNP, where the interannual variability of the 850-hPa zonal wind is more than 2.2 m s −1
. On the other hand, the variability enhances significantly over the tropical WNP after the early 1990s. The intensity is larger than 3 m s −1 around the Philippine Sea. Additionally, the models simulate well the variability during 1979-1993 and 1994-2005, but show larger variability around the WNP during 1960-1978 than observations. In general, the above significant interdecadal changes on the mean state and interannual variability around the late 1970s and early 1990s provide backgrounds to the changes of airsea interactions related to the WNP summer climate and seasonal predictions.
Interdecadal changes of the WNP summer prediction
The WNP summer monsoon index (WNPMI), which is defined as the difference of the JJA-mean 850-hPa zonal wind anomalies between (5°-15°N, 100°-130°E) and (20°-30°N, 110°-140°E), is used to measure the intensity of the interannual variation of the WNP lower-tropospheric circulation following Wang and Fan (1999) . A positive (negative) index means an anomalous cyclonic (anticyclonic) circulation. The anomalous cyclone/anticyclone over the WNP, which is well described by the WNPMI, is the dominant mode of the lower-tropospheric wind anomalies over the WNP and plays a key role in the relationship between ENSO and the WNP/East Asian climate anomalies (e.g., Wang et al. 2000; Li et al. 2007) . Models from the ENSEMBLES show considerable capability in capturing the interannual variation of the WNPMI during the hindcast period (Li et al. 2012) . Figure 4 shows the time series of the WNPMI for observations and the MME predictions and the 9-year running correlation of them. It is found that the predictability of the WNPMI exhibits an interdecadal change with higher predictability since the late 1970s, particularly after the early 1990s. The prediction skill is relatively low before the late 1970s. The models demonstrate certain inability in capturing the WNPMI in most years during this period, especially from the late 1960s to late 1970s with the running correlation not exceeding the 95 % confidence level. The correlation coefficient between the observed and MME-predicted WNPMI is only 0.4 during [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] (Table 1 ), in spite of that the WNPMI is well predicted in the early 1960s. After the late 1970s, the prediction skill increases evidently. The 9-year running correlations are at the 95 % confidence level during almost all the years. The corresponding correlation coefficient is 0.67 during 1979-1993 (Table 1) .
Furthermore, more significant increase of the WNPMI prediction skill is found after the early 1990s. The running correlation coefficients remain to be higher than 0.8 and the MME predictions well reproduce the observed WNPMI in all the years except the negative anomaly in 1996. The bad prediction in 1996 might be caused by the frequent tropical cyclones, which are difficult for the models in describing them (Chan 2005; Li et al. 2014) . The stable and high prediction skill after 1993/1994 acts as one of the most important reasons for selecting it as the separating point. Additionally, this separating point consists well with many previous works (e.g., Kwon et al. 2005; Lee et al. 2014; He and Zhou 2015) , in which significant interdecadal changes of monsoon system are found around the early 1990s. The above considerable reinforcement of the predictability is also reflected by the different skill before and after 1993/1994 (Table 1 ). The correlation coefficient between the observed and MME-predicted WNPMI reaches up to 0.9 during 1994-2005. The above decadal changes can be evidently detected from all the five models ( Table 1 ). The correlations shown by the five models correspond well to the MME prediction, in which most of them exceed the Fig. 3c . After the early 1990s, interannual variability of the observed WNPMI also strengthens significantly, corresponding well to that shown in Fig. 3e . Actually, the variability of the WNPMI is to some extent positively correlated with the predictability of the summer anomalies over the WNP and East Asian sector (Sun and Wang 2013) . The larger interannual variability after the late 1970s and early 1990s might help better prediction of the WNPMI. In addition, the models reproduce the strengthened interannual variability after the late 1970s and early 1990s, but overestimate its intensity before 1979. Figure 5 shows the temporal correlation coefficient (TCC) of the 850-hPa zonal wind and SST anomalies during 1960-1978 and 1979-1993 . Before the late 1970s, high skills of the lower-tropospheric zonal wind are mainly confined to the warm pool regions (Fig. 5a ). This connects to the good prediction of the SST anomalies over the tropical Pacific (Fig. 5d) . But the skills of the SSTs over the tropical Indian Ocean are low with the coefficient over most of the regions not exceeding the 95 % confidence level, especially over its eastern part. Low skills are also found over the subtropical WNP, both for the SST and wind anomalies, suggesting the model's deficiency in well describing local air-sea interaction over the subtropical WNP during 1960 WNP during -1978 . This corresponds well to the low prediction correlation of the WNPMI shown in Fig. 4 . After the late 1970s, significant improvements on the WNP summer prediction are shown by the models, especially over the subtropical WNP (Fig. 5b, d ). The regions with the TCC of lower-tropospheric zonal winds exceeding the 95 % confidence level extend north to 40°N, which is associated with local high SST skills. Improvement of the prediction skill after the late 1970s is also found over the tropical Indian Ocean, where the TCC skills for SST anomalies over most of this region are larger than 0.7. The above improvements on the summer prediction after the late 1970s are better described by the differences of TCC between these two periods (Fig. 5c, f) . To be mentioned, the most profound increase of the SST prediction skill over the tropical Indian Ocean after the late 1970s are mainly found in its eastern 1960-1978 (left), 1979-1993 (middle) and the differences between these two periods (right). The contours represent statistically significance of the correlation coefficients at 95 and 99 % confidence levels, respectively part. This increase, associating with those of the subtropical WNP anomalies, may suggest a physical consistency between this SST and lower-tropospheric wind anomalies over these regions. Meanwhile, good predictions on the WNP anticyclone/cyclone and the SST anomalies over the tropical Indian Ocean are related to the improvement on the prediction skills of lower-tropospheric zonal wind from the Maritime Continent to the tropical Indian Ocean, which act as a linkage between the tropical Indian Ocean and the WNP (e.g., Yang et al. 2007; Li et al. 2008; Xie et al. 2009 ).
Interdecadal change of the WNP summer prediction around the early 1990s shows different characteristics relative to that around the late 1970s, as shown in Fig. 6 . During 1994-2005, the models show better capability in predicting the anomalies mainly around the WNP and Maritime Continent. Compared with those during 1979-1993 (Fig. 5b, e) , the high skills of the lower-tropospheric zonal winds extend more westward and cover most regions of the South China Sea, Indo-China Peninsula and Bay of Bengal (Fig. 6a) . This is associated with the good prediction of precipitation around the Maritime Continent, east of the Philippines and the tropical eastern Indian Ocean (Fig. 6d) , where the prediction skills are relatively low for the previous period (Fig. 5b) . These improvements correspond well to the good prediction of the WNPMI after the early 1990s (Fig. 4) . Relatively, the SST anomalies over most tropical Indian Ocean are not well predicted after the early 1990s with the TCCs not exceeding the 95 % confidence level over most regions (Fig. 6c) , suggesting an independence of the improvement on the WNP prediction to the remote forcing of tropical Indian Ocean SST. The prediction correlations of SST anomalies are high around the Maritime Continent and east edge of the tropical Indian Ocean. The above decadal changes around the early 1990s are further confirmed by the differences of TCC between 1994-2005 and 1979-1993 (Fig. 6b, d, f) , indicating that a different but particular prediction pattern appears after the early 1990s. These TCC differences indicate a better prediction over the South China Sea, Indo-China Peninsula and Bay of Bengal for the 850-hPa zonal winds after the early 1990s, associating with significant improvements for the SSTs over the Maritime Continent and precipitation anomalies around the Philippines and tropical eastern Indian ocean, but with lower prediction skills for the SSTs over the tropical western Indian Ocean. 5 Possible reasons related to the interdecadal changes
Around the late 1970s
In observations, the summer anomalies related to the interannual variation of the WNPMI show significant interdecadal change around the late 1970s and are illustrated in Fig. 7 . During 1960 During -1978 , associated with a positive WNPMI is a remarkable wave-like pattern of the lowertropospheric circulation, with an anomalous cyclonic circulation along 20°N of the WNP and an anomalous anticyclonic circulation along 40°N of North Pacific (Fig. 7a) . These anomalies are not just confined over the WNP but also extend eastward and occupy almost the whole North Pacific. The corresponding SST anomalies exhibit a significant belt seesaw pattern in the meridional direction over North Pacific (Fig. 7c) , which is well consistent with the lower-tropospheric circulation. The cyclonic (anticyclonic) circulation anomaly along 20°N (40°N) induces upwelling (downwelling) and favors the negative (positive) SST anomalies. In the tropics, there are negative SST anomalies in the eastern Indian Ocean and the South China Sea, and positive anomalies in the eastern Pacific. However, these SST anomalies are weak and essentially insignificant. During 1979-1993, a significant wave-like pattern of the lower-tropospheric circulation in the meridional direction is also found over the WNP, but shows different features (Fig. 7b) . The anomalies locate mainly over the WNP, not extending eastward over North Pacific as the previous period. Furthermore, the cyclonic circulation over the WNP is associated with a stronger intensity, corresponding to the enhancement of the interannual variability of the WNPMI after the late 1970s (Table 2 ). Related to a positive WNPMI, negative SST anomalies are found over the tropical Indian Ocean and with significant anomalies around the north Indian Ocean and around the Philippines (Fig. 7d) , suggesting a Pacific-Japan and Indian Ocean coupled mode as in Kosaka et al. (2013) . In the ENSEMBLES MME prediction, the Pacific-Japan and Indian Ocean coupled mode is well reproduced in both the periods (Fig. 8) . The cyclonic anomaly over the WNP is closely related to the westerly anomaly over the northern Indian Ocean (Fig. 8a, b) . This coupled mode is associated with the significant negative SST anomalies in the eastern Indian Ocean and the South China Sea (Fig. 8c, d ), and associated with the positive precipitation anomaly in the Philippine Sea and negative anomaly in the eastern Indian Ocean and the Maritime Continent (Fig. 8e, f) .
However, there are some discrepancies between prediction and observations. The extra-tropical anomalies associated with the WNPMI in observations are not reproduced in the prediction. In addition, the models tend to overestimate the negative SST and precipitation anomalies in the eastern Indian Ocean during 1960-1978 in comparison with the period 1979-1993.
The Pacific-Japan and Indian Ocean coupled mode in the ENSEMBLES MME prediction is significantly related to the SST anomalies in the eastern Indian Ocean. This result is in agreement with many previous studies (e.g., Xie Huang et al. 2010; Li et al. 2012) . In these studies, the WNPMI-related SST anomalies appear in the entire tropical Indian Ocean. Xie et al. (2009) used an atmospheric general circulation model (AGCM) to investigate the contributions of north and south Indian Ocean to the WNP climate variability, and suggested the north Indian Ocean plays an important role in the teleconnections between the tropical Indian Ocean and WNP. However, the present results of prediction suggest that the SST anomalies in the eastern Indian Ocean, rather than the north Indian Ocean, play a dominant role. Actually, the local SST-Precipitation relationship is significantly positive over the tropical eastern Indian Ocean, but weak or even negative over the other regions of tropical Indian Ocean (e.g., Ding et al. 2014; Kumar et al. 2013; Lu and Lu 2014) . Therefore, the ocean variability drives the atmosphere in the tropical eastern Indian Ocean, and provides more prediction signals to the models. The eastern Indian Ocean-WNP coupled mode exists during the both periods in the predictions. Therefore, the reproducibility of this mode cannot be used to interpret the difference in predictability of WNPMI between these two periods. The reason for the difference in predictability may lie in the difference of predictability of eastern Indian Ocean SSTs. This hypothesis can be supported by the increase of SST TCC in the eastern Indian Ocean (Fig. 5f ). The TCC of SST anomalies averaged over the eastern Indian Ocean (20°S-20°N, 80°-100°E) is 0.37 during 1960-1978, and increases to 0.84 during 1979-1993 . Therefore, it can be concluded that the models capture the eastern Indian Ocean-WNP coupled mode during both the periods, and higher predictability of the eastern Indian Ocean during the later period leads to higher predictability of the WNPMI. Figure 9 shows the summer anomalies related to the interannual variation of the WNPMI after the early 1990s. In observations, a remarkable wave-like pattern of the lowertropospheric circulation is also found over the WNP, but the related air-sea interactions are quite different to the previous period. A dipole SST pattern, with significant negative anomalies around the Maritime Continent and positive anomalies over the equatorial central Pacific, is associated with a positive WNPMI. The correlation coefficient between the WNPMI and the dipole SST pattern, which is defined as the SST differences between (10°S-10°N, 100°-150°E) and (5°S-5°N, 170°E-130°W) (according to Fig. 9c ), is 0.70 in observations. This east-west dipole SST pattern with cold SST over the Maritime Continent and warm SST over the central equatorial Pacific Ocean favors strong westerly anomalies via atmospheric heating, induces convergence by the Ekman friction, further enhances the convection around the Philippine Sea and thus contributes to the WNP lower-tropospheric cyclonic anomaly ( Fig. 9 ) (Lu 2001; Terao and Kubota 2005; Xie et al. 2009; He and Zhou 2015) . This pattern is coupled with a stronger precipitation anomaly around the Philippine Sea, Maritime Continent and equatorial western Pacific. This east-west dipole SST pattern over the Maritime Continent and the central equatorial Pacific Ocean are reproduced quite well by the models (Fig. 9d) . The correlation coefficient between this dipole SST pattern and WNPMI is 0.70 in the MME prediction, quite close to that in observations. The positive precipitation anomalies in the Philippine Sea are also well captured by the models (Fig. 9f ). Higher predictability of the WNP summer climate is brought by this pattern after the early 1990s. The SST anomalies related to the WNPMI in the model predictions are apt to display a dipole pattern over the tropical regions, in all periods, as shown in Figs. 8c, d and 9d . The dipole SST anomalies are not clearly appeared in observations during the first two periods before the early 1990s, but quite similar to observations during 1994-2005. These changes on the dipole SST anomalies in observations after the early 1990s correspond well to those for the SST interannual variability (Fig. 2e) .
Around the early 1990s
The ensemble-mean predictions are apt to display strong variability over the regions where the local SST-Precipitation relationship is positive, including the tropical eastern Indian Ocean, the Maritime Continent and the central Pacific Ocean (e.g., Ding et al. 2014; Kumar et al. 2013; Lu and Lu 2014) and providing more prediction reliability to the models. The dipole SST pattern over the Maritime Continent and central equatorial Pacific dominates the variation , respectively of the WNP summer climate after the early 1990s, both in observations and the model predictions (Fig. 9) , acting as the primary sources for the predictability. This dipole SST forcing becomes stronger after the early 1990s in observations, reflecting by a higher correlation coefficient between the WNPMI and dipole SST in observations (−0.70 after the early 1990s, −0.12 before that time). The tropical eastern Indian Ocean SST anomalies are also shown related to the WNPMI after the early 1990s, but are relatively weaker in observations (Fig. 9c, d ). In general, the dipole SST pattern provides more prediction reliability to the WNP summer climate and dominates the WNP summer predictability after the early 1990s.
Summary and discussion
It has been found that pronounced interdecadal changes for the summer SST and associated interannual variability take place around the late 1970s and early 1990s. Significant warming and stronger variability over the tropical Indian Ocean and eastern Pacific are shown after the late 1970s. But the pattern is changed after the early 1990s, with the warming SST and stronger variability over the Maritime Continent and western Pacific. These changes are associated with the interdecadal changes on the predictability of the WNP summer climate, and have been well examined in this study. The ENESMBLES May-start seasonal predictions during a 46-year period from 1960 to 2005, which comprises five state-of-the-art atmosphere-ocean coupled models, are used here. The primary measurement for the prediction skill is the TCC between observations and models' hindcast. Our analyses reveal that seasonal prediction for the WNP summer anomalies exhibits a significant interdecadal shift with higher prediction skills since the late 1970s, particularly after the early 1990s. The prediction correlation of the WNPMI increases from 0. 40 during 1960-1978 to 0.67 during 1979-1993 , displaying a projected enhancement on the predictability of the WNP climate after the late 1970s. This enhancement is associated with significant improvements of the prediction skill over the subtropical WNP and tropical Indian Ocean, both for the lower-tropospheric wind and SST anomalies. The prediction correlation of the WNPMI becomes further higher and reaches to 0.90 after the early 1990s (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . It is different to the changes around the late 1970s, with higher prediction skills around the South China Sea and the Philippines for the lowertropospheric zonal wind and precipitation anomalies, and around the Maritime Continent for the SST anomalies. In addition, the interannual variability of the WNPMI increases significantly after the late 1970s, particularly after the early 1990s.
Higher predictability of tropical eastern Indian Ocean after the late 1970s gives rise to the improvement on prediction skill of the WNP anomalies. The corresponding TCC skill for the tropical eastern Indian Ocean SST increases to 0.84 during 1979-1993, which is only 0.37 during 1960-1978. A close relationship between the tropical eastern Indian Ocean SST and the WNP summer anomalies is found in the model predictions during both the periods. It corresponds well to that in observations, especially during 1979-1993. These SST anomalies are relatively weak and essentially insignificant during the previous period.
The predictable pattern related to the WNP climate is changed around the early 1990s. During 1994-2005, the WNP anomalies are coupled with an east-west dipole SST pattern between the Maritime Continent and equatorial central Pacific in observations. It favors the convection around the Philippine Sea and the WNP lower-tropospheric circulation via atmospheric adjustment. For the model predictions, the SST anomalies related to the WNP summer climate tend to display a dipole SST pattern over the tropical region, with warm SSTs over the central Pacific Ocean and cold SSTs around the Maritime Continent and tropical eastern Indian Ocean (Figs. 8c, d, 9d) . Thus, the teleconnections between the tropical dipole SST pattern and WNP summer climate work in both the model predictions and observations during 1994-2005. It would give rise to the higher predictability for the WNP summer climate after the early 1990s.
This work suggests that SST forcing from the tropical eastern Indian Ocean plays an important role in the WNP summer prediction. The corresponding physical mechanisms are not discussed in this study. In view of the positive SST-Precipitation relationship over there, it would be possible to be revealed by an AGCM SST experiment and will be investigated in our future study.
Furthermore, the present results interpret predictability and the corresponding sources for the WNP summer climate in the case of non-stationary teleconnections during recent decades. It implies a sensitivity of the prediction skills for the WNP summer anomalies to different coupled modes over the tropics. High prediction skills with more predictable signals are found in recent two decades over the WNP, presenting a basis in further investigation on seasonal prediction for the East Asian summer rainfall. Rainfall over the central China, for instance, is better captured by the models after the early 1990s (Fig. 6e) . Nevertheless, this improvement seems modest, especially over the other regions of East Asia (Fig. 6f) . Skillful prediction on year-to-year fluctuations of the East Asian summer rainfall remains a challenge.
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